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Abstract
MnAs has been grown by means of MBE on the GaN(0001)-(1x1) surface. Two options of ini-
tiating the crystal growth were applied: (a) a regular MBE procedure (manganese and arsenic
were delivered simultaneously) and (b) subsequent deposition of manganese and arsenic layers.
It was shown that spontaneous formation of MnAs dots with the surface density of 1·1011 cm−2
and 2.5 · 1011 cm−2, respectively (as observed by AFM), occurred for the layer thickness higher
than 5 ML. Electronic structure of the MnAs/GaN systems was studied by resonant photoemission
spectroscopy. That led to determination of the Mn 3d - related contribution to the total density
of states (DOS) distribution of MnAs. It has been proven that the electronic structures of the
MnAs dots grown by the two procedures differ markedly. One corresponds to metallic, ferromag-
netic NiAs-type MnAs, the other is similar to that reported for half-metallic zinc-blende MnAs.
Both system behave superparamagnetically (as revealed by magnetization measurements), but with
both the blocking temperatures and the intra-dot Curie temperatures substantially different. The
intra-dot Curie temperature is about 260 K for the former system while markedly higher than
room temperature for the latter one. Relations between growth process, electronic structure and
other properties of the studied systems are discussed. Possible mechanisms of half-metallic MnAs
formation on GaN are considered.
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I. INTRODUCTION
Manganese arsenide has been subjected to investigations for a century, at least, since
the commonly cited paper by Heusler1 were published. Its coupled structural and magnetic
properties attracted particular interest. At room temperature, it exists in the ferromagnetic
α phase, with hexagonal NiAs structure. It transforms into the orthorombic, paramagnetic
β phase by a first order phase transition at 400C.2 At 1300C, the crystalline structure of
MnAs changes again to hexagonal (NiAs-like) one and the paramagnetic γ phase is formed.3
Interesting magnetic properties of MnAs and other manganese pnictides inspired extensive
theoretical studies aimed at determination of the electronic structure and the nature of
magnetism of these compounds.4,5,6,7,8,9,10,11,12,13 The results, together with the experimental
data related to the band structure,14,15,16 showed that the electronic structure of MnAs and
related compounds should be described in the model of itinerant d-electrons with strong As
4p – Mn 3d hybridization. Due to that the density of electronic states at the Fermi level is
relatively low in these materials. The maxima related to the Mn 3d states in ferromagnetic
MnSb occur at about 2.5 eV above and 1 eV below the Fermi level.10 Such description of
the electronic structure of manganese pnictides accounts for experimental results concerning
their magnetic properties and the specific heat.
Recently, MnAs and related compounds regained considerable interest in the context
of emerging projects of spin–electronic (spintronic) devices. Ferromagnetic materials com-
patible with contemporary semiconductor technology would be particularly important for
such applications.17 Ferromagnetic layers would be indispensable in structures designed as
emitters, controllers or detectors of spin-polarized currents. Ferromagnetic materials can
also be applied in formation of nano-magnets as sources of local magnetic fields in spin–
or magneto–electronic systems. Among ferromagnetic materials suitable for such purposes,
selected compounds of Mn (like GaMn and MnAs) are considered.18,19,20,21,22 Possibility of
spontaneous formation of nano-structures or engineering of the layer properties by suitable
selection of substrate structure and parameters would lead to even more sophisticated ap-
plications, like arrays of nano-magnets or systems of coupled ferromagnetic dots. In this
context, MnAs is especially interesting, due to the coupling between its magnetic prop-
erties and structure.23 This inspired attempts to perform overgrowth of MnAs on various
substrates (e.g. Si(001)20, GaAs(001)23,24, GaAs(111)25, GaMnAs26, ZnSe27). MnAs-based
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systems became important examples of so called heteroepitaxy of dissimilar materials28,29.
It is a technique exploiting large lattice misfit and strong strain at the interface in order to
design the structure and adequate properties of the epilayer. On the other side, possibility of
modification of the properties of MnAs induced by a choice of the substrate and deposition
mode expands the range of MnAs-based systems supposed of exhibiting ferromagnetic prop-
erties. This is also important from the point of view of basic research and may lead to better
understanding of mechanisms leading to magnetic interactions, previously investigated for
bulk MnAs.
In this work, we have performed complex studies of the MnAs epilayers grown (by MBE)
on GaN(0001)-(1x1) surface, which included investigations of an influence of the growth
conditions on their morphology, magnetic properties and electronic structure. Both materials
have hexagonal structure in the plane perpendicular to the c axis, where aMnAs > aGaN .
Due to this misfit, spontaneous formation of MnAs dots in this system can be expected
(contrary to the case of MnAs/GaAs(111)). In order to verify this hypothesis, we have
deposited MnAs epilayers on the (0001) GaN surface under continuous in situ monitoring of
their thickness and crystalline structure (by electron diffraction (RHEED)). This, together
with ex situ atomic force microscopy (AFM) results, confirmed that islands of MnAs are
formed for the layers thicker that 5 ML. We apply two methods of growth initiation - both
of them lead to dots formation. However, electronic structures probed by means of resonant
photoemission spectroscopy turns out to be different. The magnetization measurements
prove that the ensembles of dots exhibit superparamagnetic properties, although the blocking
temperatures and the Curie temperatures characterizing these two systems differ markedly.
We present analysis and comparison of the data acquired for samples grown by regular MBE
procedure (some of them preliminarily presented in Ref. 30) and by the process initiated
by subsequent deposition of manganese and arsenic. The use of resonant photoemission
spectroscopy enables us to determine the electronic states distribution of MnAs layer and,
especially, a partial contribution provided by the Mn 3d electrons. The changes revealed
in the electronic structure of MnAs dots and their relation to growth procedure and other
properties of the investigated systems are discussed.
4
II. EXPERIMENTAL DETAILS
The growth of MnAs layers and their electronic structure were investigated in the National
Electron Accelerator Laboratory for Nuclear Physics and Synchrotron Radiation Research
(MAX-lab), Lund University, Sweden. The layers were grown on bulk GaN substrates
by means of MBE technique. The GaN crystals with hexagonal crystalline structure were
grown by means of a high pressure technique at the Institute of High Pressure Physics, Polish
Academy of Sciences, Warsaw, Poland. The (0001) surfaces of the GaN substrates used in
our experiments were initially prepared by ex situ mechano – chemical polishing. Prior to
the MnAs growth and photoemission measurements, they were introduced into the UHV
system and subjected to an in situ cleaning procedure consisting of the cycles of Ar+ ion
bombardment and subsequent annealing at 5000 C. As previously shown31, such a procedure
leads to a clean and well-ordered GaN (0001)-(1x1) surface. In the present experiments, the
surface crystallinity was assessed in situ by electron diffraction observations (LEED and
RHEED).
The layers of MnAs were grown stepwise in a KRYOVAK III-V MBE system directly
attached to the spectrometer. The electronic structure of the system was investigated in
situ at each stage of the growth process by means of photoelectron spectroscopy. The layer
structure was assessed by RHEED (during growth in the MBE system) and LEED (in the
photoelectron spectrometer) techniques. The morphology of the MnAs layers with dots
formed on the surface was studied ex situ by AFM. The magnetic properties of this system
were determined by the superconducting quantum interference device (SQUID) technique.
The photoemission experiments were carried out at the beamline 41 of MAX-lab. The
overall energy resolution was kept around 150 meV, and the angular resolution was about
20. The origin of the binding energy scale was set at the Fermi level (determined for the
reference metal sample). The angle between incoming photon beam and the normal to the
surface was kept at 450. The spectra were normalized to the monochromator output and
photon flux variations.
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III. RESULTS AND DISCUSSION
A. Growth and morphology
The MnAs growth process is carried out by an MBE technique with use of an As2 cracker
source. The GaN substrate temperature is 3500C. The Mn flux is calibrated by measuring
RHEED oscillations for GaMnAs(100) calibration samples.32 During the growth of the MnAs
samples the Mn flux correspond to the layer growth rate of 0.8 ML/min for MnAs with
the NiAs-type structure. As a consequence, in this paper we measure layer thickness in
monolayers of relaxed hexagonal MnAs.
The growth of MnAs is monitored in situ by RHEED. For the clean GaN(0001)-(1x1)
surface, a streaked pattern, characteristic of an atomically flat surface, is observed. The first
layer of MnAs is grown by two different modes: with both Mn and As sources open (regular
MBE growth) (I) or by an atomic layer epitaxy (ALE) - like technique (first an Mn layer is
deposited then, the Mn source is shut and the As source is open) (II). Independently of the
growth method, the first stages of deposition ( about 1 ML) cause blurring of the RHEED
pattern. Further deposition, performed in a standard MBE mode, leads to improvement
of the pattern (streaks became again stronger and sharper) - then, at about 5 ML, the
critical thickness is achieved and the pattern switched to a dotted one, indicative of 3D
growth. The mechanism of 2D growth mode observed, in spite of the large lattice mismatch
in the system, for the thin MnAs layers on GaN seems to be similar to that described for
InAs/GaAs.33 The large lattice mismatch is partly relaxed by dislocations at the beginning
of the growth process and this leads to the blurring of RHEED pattern observed for very
thin layers. Further growth of MnAs, on top of the defected layers, results in formation of
a smoother surface and the improved streaky RHEED pattern. When the epilayer becomes
thicker than 5 ML, dots form on the surface.
An AFM investigations of the samples morphology confirm that MnAs dots appear
(Fig. 1) for both growth procedures. The sample prepared by the regular MBE deposi-
tion (with MnAs amount equivalent to 6 ML) is denoted by I. The obtained dots have the
average diameter of 40 nm. After the ALE-like initiation of the growth followed by standard
MBE deposition (the sample with 8 ML of MnAs – II), the dots are somewhat smaller – they
have the average diameter of 25 nm. In both cases, the average height of the dots is equal
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FIG. 1: The AFM images of MnAs(6 ML)/GaN(0001) (I) and MnAs(8 ML)/GaN(0001) (II) sys-
tems.
to 4 nm. However, it was proved by Sadowski at al.26 that AFM markedly overestimates
the size of dots in comparison with HRTEM results. The diameter of the dots determined
by AFM did not correspond to their size but was a convolution of the real dot shape and
the shape and size of the AFM tip. The dot diameter derived from HRTEM in Ref. 26
was about 10 nm while that estimated from the AFM data was approximately eight times
bigger. Therefore, the average density of dots seems to characterize better the dot systems
and it allows reliable comparison of the results obtained by different groups. For sample I
(Fig. 1a), the dot density is about 1·1011 cm−2, for sample II (Fig. 1b) – 2.5 · 1011 cm−2. For
comparison, MnAs dots (with zinc blende or NiAs-type structure) on GaAs34 formed with
the density of 1.5–3.5·1012 cm−2, NiAs-type MnAs dots on annealed GaMnAs26 – 2 · 1010
cm−2, zinc blende Mn(Ga)As nanoclusters in GaAs35 – 1 · 1010 cm−2. Clearly, the density
of dots shown in Fig. 1 corresponds well to the range of values reported in literature. Thus,
we expect that the real average diameter of the dots does not deviate much from 10 nm,
reported for MnAs dots by Sadowski at al.26 and Okabayashi at al.34.
B. Resonant photoemission study
Modification of the starting stage of MnAs growth does not result in qualitative changes in
the morphology of the MnAs/GaN system. However, the corresponding electronic structures
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revealed by photoemission spectroscopy turn out to be markedly different. These studies
give us a deeper insight into the structure properties of the MnAs part of the system. Since
the contribution of Mn 3d states to the electronic structure of the system is the key issue
which must be discussed, resonant photoemission technique has been applied. This method
enables us to resolve contribution of 3d states of transition metal atoms to the photoemission
spectra against the background emission from the valence band. The resonant photoemission
experiments should be carried out for photon energies close to Mn 3p→ 3d transition. When
the photon energy matches the energy of this intra-ion transition to the unoccupied states
in the partly filled shell (like Mn 3d), two processes leading to different final states of the
same energy may occur.
The first one is the direct photoemission from the open shell to the continuum of free
electron states. The second one is a process of the discrete intra-ion excitation. For Mn-
containing crystals one considers the following transitions:
Mn3d5 + hν →Mn3d4 + e− (1)
and
Mn3p63d5 + hν →Mn3p53d6. (2)
The Mn 3p53d6 state may autoionize, by super Coster-Kronig process, to Mn 3p63d4 + e−.
This leads to a Fano resonance36 and a Fano-type line appears in the absorption spectra at
the energy corresponding to the Mn 3p → 3d transition. As a consequence, photoemission
from the open shell is resonantly increased. Therefore the resonant photoemission is widely
used for identification of the features in the photoemission spectra which can be ascribed
to the emission from partly filled shells. In particular, a comparison of the spectra taken
for the photon energies corresponding to the maximum (close to the resonance energy) and
minimum (the anti-resonance energy at which the emission from the open shell is suppressed)
of the Fano profile clearly shows enhancement of 3d–shell–related spectral features.
Fig. 2 shows sets of photoemission spectra acquired at photon energies from 45 to 65 eV
(i.e. covering the photon energy of the Mn 3p → 3d resonance – about 51 eV). They have
been measured for both types of MnAs layers overgrown on GaN(0001)-(1x1). The binding
energy range of the spectra, measured with respect to the Fermi energy, corresponds to the
valence band (0-12 eV) and the Ga 3d maximum (at about 20 eV). Analysis of these sets of
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FIG. 2: The sets of energy distribution curves obtained for type I MnAs(6 ML)/GaN(0001) (a)
and type II MnAs(8 ML)/GaN(0001) (b) for photon energies close to Mn 3p→ 3d resonance.
spectra shows that the intensity of emission from the valence band is strongly sensitive to
photon energy. The resonance conditions occur for about 51 eV. The spectra taken at 48 eV
correspond to the anti-resonance minimum of the Fano profile. Apart from these strong
resonances at the same photon energies, both sets of spectra show important differences.
The most important one occurs at the Fermi energy. For the sample II, the sharp edge is
visible. For the sample I, the leading edge of the spectrum also starts at the Fermi energy
but it is much less steep. This shows that the sample II has metallic properties, in contrast
to the sample I. The overall shapes of the valence band main maxima (at about 4 eV) are
also somewhat different and additional shoulders at 6 and 10 eV are clearly discernible for
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the sample I.
Let us turn to the maximum occurring at 20 eV. It is related to the Ga 3d core level.
Its presence indicates that considerable emission from the GaN substrate contributes to the
recorded spectra. It is also possible to detect differences between interfaces formed in both
structures. In particular, the additional feature appearing for the sample II at about 17 eV,
just above the Ga 3d peak, suggests different interactions occurring at the interface formed
between GaN and MnAs.
In order to visualize the development of the electronic structure of MnAs/GaN system
and variations occurring due to different formation of the first monolayer of MnAs we show
sets of photoemission spectra acquired for the samples I and II, under resonance and anti-
resonance conditions, for clean GaN surface and for subsequent stages of MnAs layer growth
(Fig. 3). The spectra obtained for clean surfaces match those previously reported for GaN
crystal surfaces prepared by the same method,31 including small variations in relative inten-
sities of the main maximum (at about 4 eV) and the shoulder at 7 eV. According to our
previous studies, it is clean GaN(0001) surface with hexagonal (1x1) symmetry, showing sur-
face electronic structure features characteristic of regions with the relaxed clean GaN(0001)
surface structure as well as of those with (0001):Ga configuration, covered with additional
layer of Ga atoms bound at the ”on top” positions above N atoms.31 Difference between the
spectra taken under Mn 3p → 3d resonance (hν=51 eV) and anti-resonance (hν=48 eV)
conditions for clean GaN is negligible in comparison with those observed for samples covered
with MnAs, independently of the thickness. For both cases, first two stages of MnAs growth
correspond to layer thickness lower than the critical one (5 ML), the third stage – to the layer
transformed into dots. Marked changes in the shape of the valence band spectrum appear
as soon as the first layers of MnAs have been deposited. They manifested themselves both
in the resonance and anti-resonance spectra. However, the main MnAs-related maximum,
clearly visible in the resonance spectra, gets markedly decreased for the anti-resonance case.
Intensity of MnAs-related features increase with rising MnAs layer thickness, in particular
for the sample I, however MnAs dots formation does not lead to qualitative changes in the
spectra. The intensity of Ga 3d core line decrease with of the MnAs layer nominal thickness.
However, we want to point out that the strongest change occurs after a growth of the very
first MnAs layers (about 1 ML). Further growth of MnAs causes relatively weak decrease of
the maximum. The Ga 3d peak is still clearly discernible for the thickest MnAs layers (6,
10
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FIG. 3: Energy distribution curves taken for hν=51 eV (resonance) (a, c) and 48 eV (anti-
resonance) (b, d) after subsequent growth stages of type I MnAs/GaN(0001) (a, b) and type
II MnAs/GaN(0001) (c, d) structures. MnAs coverage thickness is indicated at the graphs.
8 ML). This confirms that MnAs does not form a uniform layer with constant thickness.
The main differences between the sample I and II, including the Fermi edge and the
additional structure at 17–18 eV, are discernible in all spectra II for both photon energies.
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FIG. 4: Emission from MnAs — a measure of MnAs density of electronic states — revealed by
subtraction of the EDCs of clean GaN from the spectra of MnAs/GaN(0001) I (a) and II (b) after
subsequent stages of the system formation. Curves are shifted along the intensity axis for clarity.
Intensity of the Fermi edge of the sample II increases with MnAs coverage. The feature close
to the Ga 3d peak (D2) decreases together with suppression of the main Ga 3d peak (E2)
due to increasing thickness of MnAs layer. This structure closely resembles that appearing
after deposition of Mn on the GaN(0001)-(1x1) surface37 – an additional component of the
Ga 3d spectral feature, at about 2 eV above the main peak. This shows that first layer of
Mn, deposited in the ALE-like process, interacts with GaN, the surface gets disrupted and a
reactive, Ga-rich interface is formed. Then, next layers of MnAs are grown and the intensity
of this feature decreases. This indicates that the excessive Ga responsible for this structure
remains at the interface. For the sample I, no sings of surface disruption can be discerned in
the spectra. Manganese and arsenic delivered to the clean GaN surface forms MnAs layer
instantly, without anterior reacting with GaN substrate.
The considerable intensity of Ga 3d peak indicates that a part of the recorded spectra
originates from the GaN substrate. In order to reveal emission from the MnAs dots we
subtract the spectra taken for the respective GaN substrate. Before subtraction, the spectra
of GaN have been normalized in an accordance with the intensities of the Ga 3d peaks. This
enables us to take into account dumping of GaN emission increasing with MnAs overgrowth.
Figs. 4 a and b show results of such procedure applied to the spectra taken at hν =51 eV
(the resonance conditions) for the samples I and II, respectively. They correspond mainly to
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emission from the valence band of MnAs but some features related to modifications of the
substrate surface (like the feature D2 (17.2 and 18 eV for 1.5 ML MnAs) in Fig. 4b) also
occur. We assign them to the presence of excessive Ga at the interface due to interaction of
Mn with GaN substrate.
The subtraction of the GaN substrate emission emphasizes the differences between both
types of the samples indicating that MnAs systems formed on the samples I and II have
markedly different character. Firstly, a sharp edge at the Fermi energy (A2), occurs only
for the sample II. Secondly, the main feature of the valence band is sharper for the sample
I and additional shoulders can be resolved on its high binding energy slope (C1 at 7.2 and
D1 at 11 eV).
We find that the overall shape of the MnAs related emission from the sample II (Fig. 4b)
corresponds well to that of hexagonal, ferromagnetic α-MnAs. Results of calculations12 sug-
gested that for this phase the main maximum of the spectrum occured at about 2 eV below
the Fermi edge. However, photoemission experiments carried out for epilayers of hexagonal
MnAs clearly showed that the main maximum of the spectrum taken for photon energy close
to Mn 3p → 3d resonance should occur at about 4 eV below the clearly discernible, sharp
Fermi edge26,34,38,39. This shape of the spectrum is indicative for metallic character of the
system with relatively high density of states at the Fermi energy.
The shape of the spectra of the sample I seems to correspond to those reported for
systems of dots of zinc-blende MnAs34,40. In particular, similarity of the energy position of
the main maximum, very low emission intensity at the Fermi energy and additional shoulders
appearing in the spectra obtained by Ono et al.40, Okabayashi et al.34 and in this work justify
this observation.
However, according to the literature, the zinc-blende structure of MnAs dots,34,40 or even
layers,41 were stabilized by zinc-blende GaAs substrate. As Moreno at al.35 and Okabayashi
et al.34 showed, zinc blende structure was sustained only in very small MnAs clusters or
dots, with diameter of less that 10 nm (as measured by high-resolution transmission electron
microscopy (HRTEM)). Bigger MnAs dots had NiAs-type structure.26,34,35 Since the GaN
substrate has hexagonal structure, this mechanism cannot lead to the formation of zinc
blende MnAs dots on the sample I. Besides, the dots on the sample I are bigger than those
on the sample II (with NiAs-type structure).
The photoelectron spectroscopy probes directly the electronic states distribution in the
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system but not its crystallographic structure. Therefore, the results reported in this pa-
per cannot prove whether the dots have zinc blende structure or NiAs-type one. Unfortu-
nately, common X-ray diffraction methods does not give conclusive results for so thin MnAs
structures42. However, it was shown by theoretical calculations that half-metallic electronic
structure with the Fermi level lying in the energy band gap of the minority-spin bands is
likely to occur in zinc-blende MnAs43,44,45,46 as well as in other manganese pnictides46,47.
Distortions of the crystal structure may also influence band structure of these materials
and their magnetic properties. Tetragonal distortions of zinc-blende structure in MnSb or
MnBi support half-metallicity and ferromagnetism47 or, in MnAs/Si, such distortions in-
duce transition to ferromagnetism and half-metallicity45. In contrast to that, for hexagonal
MnAs, Debernardi et al.48,49 showed that uniaxial stress in NiAs-type MnAs (related to
pseudomorfic growth on a lattice mismatched substrate) led to some non-linear changes in
electronic and magnetic properties, but they did not result in half-metallic electronic band
structure. Therefore, formation of MnAs with zinc blende crystallographic structure still
seems to be a necessary condition for occurrence of half-metallic band structure in the sys-
tem. However, such an interpretation of our results needs confirmation that a cubic phase
of the hexagonal crystal can grow on the hexagonal substrate.
We believe that tentative arguments for it can be derived from a phenomenon reported
by Kitamura et al.50 for InGaN epilayers grown on InN. For In contents below 0.66, a cubic
phase appeared in the InGaN epilayers thicker than a critical thickness. That was ascribed to
degradation of the crystalline quality due to an abrupt change in the crystal composition at
the interface. MnAs/GaN would be another system in which such phenomenon could occur.
We postulate that differences in initial growth stages of the sample I and II and different
interactions between Mn and the GaN substrate lead to different crystalline structures of the
overgrown MnAs. The interface of the sample I seems to be more abrupt due to the absence
of interaction between components of MnAs and the GaN substrate. If this promotes cubic
phase of MnAs formation, half-metallic electronic structure may occur and manifest itself
in the reported photoemission experiments. Confirmation of this suggestion needs further
studies, in particular crystal structure investigations by means of surface sensitive methods.
The next argument for the difference between structures of MnAs(I) and MnAs(II) arises
from the photoelectron spectroscopy of the As 3d core level. In order to reveal the energy
shifts of this core level, reflecting changes in chemical bonding and structure of MnAs, As 3d
14
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FIG. 5: The As 3d feature measured for MnAs(6 ML)/GaN(0001) (I) and MnAs(8 ML)/GaN(0001)
(II) shown together with the results of deconvolution into spin-orbit split dublets of Gaussians.
maxima have been recorded at hν =80 eV for both systems (Fig. 5). For the energy scale
with origin at the Fermi energy, the Ga 3d peaks of the sample I and II were aligned well
but for the As 3d feature an energy shift of about 0.4 eV clearly occurred. The same energy
position of the Ga 3d peak observed for both samples proved that surface conditions on
them are similar. The energy shift of As 3d feature can be interpreted as a manifestation
of different structure of the MnAs layers, consistent with differences revealed in the MnAs
valence band shape.
Each of the As 3d features can be decomposed into two Gaussian dublets corresponding
to As 3d5/2 and As 3d3/2 with spin-orbit splitting of 0.7 eV
51,52. The dublets are separated
by about 0.9 eV. The second one, at the higher binding energy, is markedly weaker and
corresponds to 10-15 % of the total intensity of the As 3d feature, for both systems. Similar
energy separation and relative intensity occured for thinner MnAs layers. Therefore, we
cannot interpret the minor component as corresponding to surface As atoms. Moreover, we
could expect that surface related contribution to the As 3d maximum would be shifted to
lower binding energies with respect to the bulk related one, like in GaAs51,52,53. Similarly,
this feature cannot correspond to As atoms in a different lattice position or chemical state.
It is hardly possible that relative populations of As atoms in different states are independent
from the MnAs layer thickness, structure and morphology. Thus, we can only interpret it
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FIG. 6: Difference spectrum — a measure of Mn 3d contribution to the valence band — obtained
by subtraction of the anti-resonance spectra (hν=48 eV) from the resonance (hν=51 eV) ones for
type I MnAs/GaN(0001). Constant initial state spectra were made for the initial state binding
energies corresponding to the main features of the difference spectrum.
tentatively as a satellite-like structure.
Further information confirming the difference between electronic structures of the two
investigated MnAs systems has been obtained thanks to one of the most important advan-
tages of resonant photoemission spectroscopy — its enhanced sensitivity to emission from
open shells of transition elements. Figs. 6 and 7 show difference spectra obtained by subtrac-
tion of curves obtained for anti-resonance photon energy from those taken under resonance
conditions. In such spectra which measure Mn 3d contribution to the valence band, the
main differences between the sample I and II manifested themselves even more discernibly.
Consistently with the results of the data analysis presented above, the curve obtained for
the sample I is very similar to the difference spectra of zinc-blende MnAs dots, reported by
Ono et al.40. Only the shoulder at 7.2 eV is more pronounced in our spectrum.
The differences between MnAs I and II manifest themselves explicitly in the constant-
initial-state (CIS) photoemission spectra (Figs. 6 and 7). They show photoemission intensity
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FIG. 7: Difference spectrum obtained by subtraction of the anti-resonance spectra (hν=48 eV)
from the resonance (hν=51 eV) ones for type II MnAs/GaN(0001). Constant initial state spectra
were made for the initial state binding energies corresponding to the main features of the difference
spectrum.
(relevant GaN substrate emission subtracted) as a function of photon energy for the initial
state binding energies corresponding to main features of the difference (resonance – anti-
resonance) spectra. For the sample I (Fig. 6), the curves obtained for four features at 0.9,
4.2, 7.2 and 10.5 eV differ in intensity but a sharp maximum at the same photon energy
can easily be seen in each of them. For the sample II (Fig. 7), a sharp peak occurs only
in the CIS curve corresponding to the shoulder at 7.8 eV. For the main maximum and the
shoulder just below the Fermi edge, only very weak features on a non-resonant background
appear. This set of CIS spectra corresponds well to those reported for the systems exhibiting
in photoemission a strongly resonant satellite and an almost non-resonant main line, like
Ni54. Such character of photoemission spectrum is interpreted as a manifestation of two
different final state occurring in the system. The main line corresponds to a final state
fully screened in the d-shell, while the satellite — to that screened by band electrons (4s in
nickel). However, the CIS spectra of the sample I can be compared with those of many Mn
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FIG. 8: Magnetic moment of type I (a,b) and type II (c,d) MnAs nano-dots. Diamagnetic (linear
in field) GaN substrate signal has been subtrated for the data.
compounds, like MnCl2
55 or diluted magnetic semiconductors with Mn56. For those systems,
Fano-like lines with distinct maxima were observed in CIS spectra throughout the d-shell
related difference spectrum. Analysis of the results collected for various transition-metal-
containing compounds showed that appearance of a resonant satellite with a non-resonant
main line in the spectra corresponded to large configuration interaction or strong mixing of
d and ligand states in the system57. Thus, we can expect that similar difference in these
characteristics occurs also in the samples I and II. This supports our supposition that the
surroundings of Mn atoms in the investigated systems differ substantially.
C. Magnetic properties
Magnetic properties of the MnAs dots are investigated in a home made SQUID magne-
tometer. Fig. 8 shows the magnetic field, m(H), and the temperature dependence, m(T),
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of the net magnetic moment of both types of MnAs structures. All the measurements are
performed with the magnetic field applied in the plane of the samples. Both systems exhibit
strong nonlinear magnetic field response even at high temperatures and show a development
of coercivity and remanence on lowering T. It is however important to stress it here that
neither of these, nor even the clear saturation of the magnetization, can be taken as an
indication of a presence of a uniform ferromagnetic state. On the contrary, the character-
istic rounded shape of M(H) curves (Langevin function alike) suggests that we deal with
predominantly superparamagnetic behavior of an ensemble of ferromagnetic particles, but
the small magnetic remanence (or coercivity) indicates a presence of strong enough magnetic
anisotropy to block (at least partially) some of the particles even at temperatures as high
as 250 K. Therefore an external non-zero magnetic field is required to flip the moments of
those nano-dots which got trapped behind the energy barrier for their magnetization rever-
sal: ∆E = KV , where V is the particle volume, and K is the relevant magnetic anisotropy
energy density. This leads to non-zero coercivity and remanence, resulting in an open mag-
netic hysteresis of the system. The maximum temperature at which on the time scale of
the experiment, the statistically significant number of magnetic moments remains blocked is
called the blocking temperature, TB, however, a minute blocking effects can persist to much
higher temperatures, TmaxB , if the particle size/anisotropy distribution is particularly large.
We note that, a similar behavior can be brought about if there exists a substantial magnetic
coupling between the particles. However, observed here varying width of the m(H) curves,
with the most narrow point at the magnetization reversal (seen particularly in Fig. 8c) indi-
cates strongly the dominance of activated processes related to the existence of the barriers
over the mutual magnetic coupling in the investigated nano-dots systems.
It is widely accepted that for a system of identical non-interacting particles the following
relationship defines TB:
TB ≃ KV/25kB (3)
and so for real systems a maximum temperature in which blocking effects are observed
serves as an upper limit for KV product. Alternatively, knowing K or V beforehand, the
relationship allows to evaluate the other. As argued in the section A, an average MaAs dot
diameter is expected to be 10 nm. We can independently confirm this finding by fitting
the Langevin function to the 250 K data for type II hexagonal MnAs dots, for which a
near perfect superparamagnetic behavior is seen. An excellent fit (not shown for clarity on
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Fig. 8c) is obtained assuming an effective magnetic moment µ = 40000µB for each MnAs
dot. Since at 250 K MnAs saturation magnetization is approximately 2 µB per Mn atom,
the effective ”magnetic” volume of an average MnAs nano-dot approximates to 1000 nm3,
giving the lateral size of 10 nm, as deduced from AFM studies. Now employing Eq. 3 we
arrive at K ≃ 1 ·105 erg/cm3 required to reproduce TB of 200 K as results in Fig. 8c suggest.
This is a rather large value for K laying between anisotropy constants of iron (cubic) and
cobalt (uniaxial), and is approximately 20 times that of bulk MnAs (uniaxial)58. But such
a discrepancy can by no means devalue the proposed analysis. As argued above, this is
the upper limit for K, with no solid indication how many times the target is overshoot. It
also important to bear in mind that the nano-dots we investigate are formed only owing
to a large epitaxial/misfit strain, and its presence is expected to augment the magnetic
anisotropy substantially.
A similar analysis for type I nano-dots is largely precluded since we do not posses any
m(H) dependency for this system in the pure superparamagnetic regime, see Fig. 8a. It is
likely that for these nano-dots the blocking is comparable with, or even greater than their
intra-dot Curie temperature, TC , approximated later to a value rather closer to 400 K than
to typical 313 K for free standing bulk MnAs. One of the reasons for such an enlargement
of TB can be a larger volume of these dots. We recall here that the AFM morphology
studies suggest their 2.5 smaller surface density what can be translated into 4 times greater
average volume than for the type II nano-dots. Now, taking similarly enlarged magnetic
anisotropy, TB values of even a few hundred K can be easily accounted for. The considered
in Ref. 30 contribution of hypothetic manganese compounds with a very high TC , formed
at the interface, can be excluded because they would manifest themselves even stronger in
the sample II, with interaction of Mn with GaN clearly revealed by spectroscopy of Ga 3d
core level.
Because the structures behave superparamagnetically, neither the upper temperature
limit for non-zero coercive force (TmaxB ) nor the vanishing of the remnant magnetization
is a appropriate measure of the intra-dot TC , which on the account of the data presented
in Fig. 8a,c obviously must be higher than any of these estimates. To determine TC we
investigate m(T) dependency at nearly saturating magnetic field, see Fig. 8b,d. The two
different field values used in these experiments are compromised to satisfy both the require-
ment to be significantly close to saturation and to minimize increasing with the applied
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field noise in the magnetometer. Under these experimental conditions the magnetization for
type I MnAs dots remains clearly non-zero up to the highest available temperature in out
magnetometer. Additionally, its very weak temperature dependence indicates rather high,
substantially above 330 K, intra-dot TC , so exceeding considerably that of the bulk MnAs
(313 K). Markedly different behavior is seen for the second structure. Here, in the whole
temperature range, the nearly saturated magnetization follows reasonable well the Brillouin
function, yielding the intra-dot TC only of about 260 K. In turn, this value is considerably
lower than that for the bulk MnAs. Although we can not propose a convincing microscopic
arguments accounting for such a huge, at least 100 K difference in TC , we note that sim-
ilarly enlarged intra-dot TC values for zinc-blende MnAs nano-dots can be inferred from
Ono et al.40 and Moreno et al.35 magnetic data59, despite different substrate/host matrix
in their studies. So, this seems to be a common feature for zinc-blende MnAs dots. For
the hexagonal, type II MnAs nano-dots, a TC lowering seems to be connected with layer-
to-(nano-)dots transition and a smaller size of these dots. Most likely, an increased number
of surface moments in comparison to the inside ones in the smaller dots reduces the overall
strength of the magnetic coupling, resulting in noticeable TC lowering.
IV. CONCLUSIONS
MnAs dots have been grown on the GaN(0001)-(1x1) surface by means of MBE. The
dots form spontaneously in the layers thicker than 5 ML. Two methods of growth initiation
have been tested: regular MBE and ALE-like (with noticeable reaction between manganese
and GaN substrate). The structures grown by these methods have similar morphology but
markedly different electronic structures. The ALE-like procedure leads to the electronic
structure characteristic of ferromagnetic NiAs-type MnAs. The regular MBE growth of
the layer results in the density of states distribution suggesting half-metallic character of
the MnAs dots. Magnetization measurements revealed further differences between the sys-
tems under investigation. Both of them exhibit superparamagnetic properties but the basic
parameters describing them are considerably different. For MnAs(II), the blocking temper-
ature, deduced from the m(H) curves, is about 200 K, the intra-dot TC — about 260 K.
For MnAs(I), such temperatures are markedly higher than 330 K. The upper-limit value for
the anisotropy energy density (K) required to reproduce experimental results for MnAs(II)
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turned out to be unexpectedly much higher than that characteristic of bulk MnAs, probably
due to the presence of large strain in the investigated dots.
Modification of the initial stage of MnAs layer growth on GaN turns out to be an effective
method for changing electronic and magnetic properties of the system. Our results suggest
that MnAs/GaN is a system for which an attempt to obtain a combination of half-metallic
electronic structure and TC higher that room temperature could be reasonable. In such
a material, spin-polarized currents can be effectively induced and it would be particularly
useful for fabrication of spintronic devices.
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